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Abstract Deposition of volcanic ash is thought to impact marine biogeochemical cycling by adding
soluble iron (Fe) to the surface ocean. The magnitude of this input is a function of the amount of ash
deposited, the total Fe content in the ash, and ash-derived Fe's fractional solubility. However, the relative
importance of chemical composition, acidic processing by the volcanic plume, and ash particle size in
determining solubility is unclear. We paired an aerosol leach meant to provide an upper limit for fractional
Fe solubility with chemical analyses of ash from the Cumbre Vieja (CV) and La Soufri¢re eruptions, which
both impacted the North Atlantic in 2021. Fe in the ash samples is <6% soluble, but Fe fractional solubility
in CV ash is approximately triple that of La Soufriere ash. Compared to La Soufriere, a larger proportion of
the Fe in CV ash is in silicate rather than oxide minerals, which release more soluble Fe. Elevated levels of
surficial fluorine (F) also suggest that CV ash was subjected to a more fluorine-rich eruption plume and
underwent more acidic processing. Particle size does not appear to be a primary control on Fe release. We
estimate that the CV eruption had a much larger impact on dissolved Fe (DFe) concentration in the surface
ocean than the La Soufriere eruption because of differences in soluble Fe content and particle deposition
velocity. These differences may help explain why some eruptions elicit a biological response in the ocean
while others do not.

Plain Language Summary Volcanic ash deposition into the surface ocean supplies seawater with
iron (Fe), an important nutrient for marine microbial life. However, we analyzed ash from two recent eruptions
and found that <6% of the total Fe in the ash is soluble and potentially available for microbial uptake. Our results
suggest that Fe in ash is less soluble than Fe in mineral dust, a major aerosol input to the North Atlantic Ocean.
We found that particle composition and processing by the volcanic plume, rather than ash particle size, are the
dominant controls on soluble Fe release from volcanic ash. We conclude that some, but not all, eruptions likely
add enough soluble Fe to the surface ocean to fuel marine biota.

1. Introduction

Fertilization of marine ecosystems through deposition of volcanic material has been proposed as a catalyst for a
variety of atmospheric carbon dioxide (CO,)-drawdown events that span geologic history. These include major
climatic shifts like the cooling periods after the Paleocene/Eocene thermal maximum (PETM; ~55 Mya) and at
the Eocene-Oligocene boundary (~34 Mya) (Bains et al., 2000; Bay et al., 2004; Jicha et al., 2009), the 1991
“Pinatubo carbon anomaly” (Sarmiento, 1993), and an array of recent localized phytoplankton blooms (Hamme
et al., 2010; Langmann et al., 2010; Vergara-Jara et al., 2021). Many studies suggest that volcanic material
stimulates phytoplankton growth and promotes CO, drawdown by specifically relieving iron (Fe) limitation (Bay
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et al., 2004; Langmann et al., 2010; Sarmiento, 1993; Spirakis, 1991), with Duggen et al. (2010) even proposing
that volcanic-derived Fe inputs to the surface ocean may be nearly as important as Fe inputs from aeolian dust.

Fe fertilization from volcanic ash is theoretically possible. Volcanic ash often contains more bulk Fe content than
mineral dust (Elliott et al., 2024; Geisen et al., 2022) due to the presence of Fe-rich minerals, including salts, that
coat ash particles (Duggen et al., 2010; Langmann et al., 2010). Upon deposition in seawater, these salt coatings are
thought to dissolve readily enough to have biological significance in the surface ocean (Duggen et al., 2010; Jones
& Gislason, 2008; Langmann et al., 2010). Additionally, strong acids (e.g., sulfuric, hydrochloric, and hydroflu-
oric) in volcanic plumes can solubilize Fe (Duggen et al., 2010; Hoshyaripour et al., 2015; Maters et al., 2017;
Oakes et al., 2012), and photochemical reactions and interactions with co-emitted sulfur likely reduce Fe(III) in ash
to Fe(Il), increasing its solubility (Bay et al., 2004; Hoshyaripour et al., 2014; Wadsworth et al., 2021).

Despite this potential for soluble Fe release, verifying that Fe fertilization supports post-eruption phytoplankton
blooms observed after volcanic eruptions has proven challenging. Many studies on volcanic ash deposition into
seawater are satellite-based, but ash particles in the air and surface ocean can interfere with satellite-derived
chlorophyll-a (Chl-a) and phytoplankton abundance estimates (Bisson et al., 2023; Browning et al., 2015;
Claustre et al., 2002). Limited laboratory and mesocosm studies have demonstrated both increased and decreased
growth rates of marine microbial species (Hoffmann et al., 2012) and shifts in microbial community composition
(Zhang et al., 2017) after volcanic ash addition.

While some attempts at standardization of ash collection and leaching protocols have been made (Gislason
etal., 2011; Perron et al., 2020; Stewart et al., 2013, 2020; Witham et al., 2005), to date, many existing laboratory
measurements of soluble Fe are complicated by the use of different leaching techniques and solvents with a range
of ionic strengths and pH values (i.e., deionized water, seawater, or acidic solutions; Duggen et al., 2010). These
differences in methodology make it difficult to compare Fe solubility estimates between different types of vol-
canic material or with those for other aerosol types (Meskhidze et al., 2019).

Even when studies use identical leaching methodologies, samples from different volcanic eruptions are too
chemically different for a single global estimate to be meaningful for implementation in a deposition model. Jones
and Gislason (2008), for example, documented the dissolution of 0.02—7.09 pmol Fe/g ash into Atlantic surface
seawater in flow-through reactors over 8 hr for ash from just four different eruptions. Olgun et al. (2011) leached
44 volcanic ash samples from 16 different volcanoes into buffered (pH = 8), filtered (0.2 pm) Atlantic seawater
supplemented with an organic ligand (a thiazolyazo compound) and documented dissolution of 0.035-0.340 pmol
Fe/g ash during a 60-min leach. Olgun et al. (2011) reported bulk Fe fractional solubilities for ash that range over
tenfold (<0.01%-0.1%) in seawater. Overall, leaching studies have suggested that Fe fractional solubility for
volcanic ash is generally in the range suggested by Olgun et al. (2011) but can be as high as ~1% (Ayris &
Delmelle, 2012; Duggen et al., 2010). The models designed to estimate Fe deposition often ignore volcanic
emissions as a source of soluble Fe (Myriokefalitakis et al., 2018). More measurements of soluble Fe content in
volcanic ash are necessary to improve model estimates (Myriokefalitakis et al., 2018).

The differences in soluble Fe content between different types of volcanic material likely result from differences in
plume composition, the amount of processing ash is subjected to within the volcanic plume, ash particle
composition, and ash particle size. Baker and Jickells (2006) used an ammonium acetate (pH = 4.7) leach to
measure soluble Fe in aerosols collected over the Atlantic Ocean. They concluded that surface area-to-volume
ratio, and therefore particle size, is the main factor controlling Fe solubility in mineral aerosols (Baker & Jick-
ells, 2006). Conversely, Buck et al. (2010) found no clear relationship between aerosol Fe solubility and particle
size for aerosol collected over the North Atlantic using a deionized water (pH = 5.6) leach. Journet et al. (2008)
leached crushed minerals in nitric acid (pH = 2) and found that Fe solubility tends to be low in Fe (hydr-)oxide
minerals like magnetite, goethite, and hematite despite their high total Fe content because Fe is tied up in strong
covalent bonds. Fe solubility tends to be higher when Fe is held with ionic bonds or found as impurities (Journet
et al., 2008). Which of the aforelisted factors is the dominant control on soluble Fe release in volcanic ash, and
aerosols in general, remains unclear. Filling this knowledge gap would allow for a better understanding of
aerosols' potential to fertilize the ocean.

To better understand the factors that influence Fe solubility in volcanic ash, a standardized aerosol leaching
procedure must be coupled with chemical and single-particle techniques that enable us to examine particle
composition, Fe mineralogy, and particle size. For analysis of fractional Fe solubility, we used a leach developed by
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Figure 1. Locations of the La Soufriére and Cumbre Vieja (CV) eruptions (a), location of Ragged Point, Barbados, in relation
to the La Soufriere eruption (b), and collection locations for the CV samples on La Palma (c) are displayed on the left. Total
Fe (d), soluble Fe (e), and percent Fe solubility (f) for ash from both eruptions are shown on the right. Error on total and
soluble Fe measurements is reported as % RSDs in Table S1 in Supporting Information S1 (% RSDs were <7% for both total
and soluble Fe measurements on the ICP-MS).

Berger et al. (2008) that involves the use of a weak acid combined with a reducing agent and a short heating step.
This leach provides a measurement of the “upper limit” for fractional Fe solubility by extracting labile forms of
aerosol Fe potentially bioavailable to marine microbes without releasing refractory Fe within minerals that can be
released with more rigorous leaches (Baker & Croot, 2010; Berger et al., 2008; Shelley et al., 2018). In this study,
volcanic ash collected from two eruptions in 2021 provided an opportunity to study the mechanisms of Fe solubility
in volcanic material and compare ash's soluble Fe to that of mineral dust collected in a region that receives high dust
loads annually. La Soufriere (alternatively Soufriere St. Vincent) is a volcano located on St. Vincent in the
Caribbean that was largely inactive for over 40 years until over 30 eruptive events occurred from April 9-22, 2021,
releasing plumes of ash and gas (Joseph et al., 2022; Ravindra Babu et al., 2022; Taylor et al., 2023; Figure 1). The
Cumbre Vieja (CV) volcanic ridge (Tajogaite volcano) is located on the eastern side of the Atlantic basin on La
Palma in the Canary Islands (Caballero et al., 2022; Figure 1). Also inactive since the 1970s, it erupted from 19
September—13 December 2021, with both lava flows to the ocean and airborne injection of ash (Caballero
et al., 2022; De Luca et al., 2022; Milford et al., 2023). While the eruptions, their magma composition, and ash
particle properties were very different, both occurred on islands in the North Atlantic Ocean in a similar volcanic
setting (Text S1 in Supporting Information S1). Analysis of both types of ash can therefore serve as a case study on
variability in aerosol Fe fractional solubility for volcanic materials regularly impacting the surface ocean.

2. Materials and Methods
2.1. Sample Collection

La Soufriere ash samples were collected at Ragged Point, Barbados (13°6'N, 59°37'W; <200 km from La Sou-
friere) in April 2021 (Text S2 in Supporting Information S1). The sample used for soluble Fe analysis was collected
atop a Whatman 41 filter using a high-volume aerosol sampler on a 17-m collection tower and shielded from rain
exposure. Three ash samples from the CV eruption were collected from different locations on La Palma post-
deposition in October 2021 (Figure 1; Figures S1-S3 in Supporting Information S1). These three samples are
called CV-East, West, and South throughout the text based on collection location. The CV-East sample was
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collected at 28°40.800'N, 17°46.077"W and, notably, was exposed to a light rain prior to collection. The CV-West
sample was collected at 28°39.369" N, 17° 53.420'W. The CV-South sample was collected at 28°36.067'N,
17°52.934'W (collection of each sample is described in Text S2 in Supporting Information S1). More well-studied
aerosol samples were also collected to use as a basis of comparison with the Fe solubility leach: two volcanic ash
samples from the 2010 Eyjafjallajokull eruption were collected at Stérh6fdi, Iceland (63°23.885'N 20°17.299'W,
118 m asl atop a Whatman 41 filter using a high-volume sampler; see Prospero et al., 2012) on 14-15 May 2010, and
two mineral dust samples were collected on Whatman 41 cellulose filters at Ragged Point, Barbados in June 2020
(18-19 and 26-27 June) (Elliott et al., 2024). While the particle size cutoff for collection on Whatman 41 filters is at
least 80—100 pm in diameter due to the geometry of the rainhat (Barkley et al., 2021; Royer et al., 2023), it should be
noted that the La Soufriere and Eyjafjallajokull samples collected “atop” Whatman 41s were poured off of filters
saturated with material, so the collection method was not dissimilar to that used for the CV ash.

2.2. Fe Solubility (Berger) Leach

We measured the soluble Fe content using a leach that combines a weak acid with a reducing agent and a short
heating step (Berger et al., 2008). This leach is meant to release surficial labile trace metals, for example, iron
oxyhydroxide coatings, and the potentially bioavailable fraction of the particulate pool without releasing the re-
fractory portion within minerals (Berger et al., 2008; Text S3 in Supporting Information S1). The Berger
et al. (2008) leach has been used to define an “upper limit” for Fe solubility in aerosol samples and to estimate the
fraction of Fe that is potentially bioavailable to marine microbes during aerosols' residence time in the ocean's
euphotic zone (Shelley et al., 2018). This method does not consider processes that occur after deposition to
seawater, such as organic complexation, photochemistry, and scavenging (Baker & Croot, 2010; Shelley
etal., 2018). 10-70 mg of volcanic material was folded into ~26 cm? of Whatman-41 (W-41) cellulose filter paper,
which was placed in a centrifuge tube. Following the procedure from Berger et al. (Berger et al., 2008; see Text S3
in Supporting Information S1 for details), 5 mL of a 25% (v/v) acetic acid and 0.02 M hydroxylamine hydrochloride
solution (pH = 2) was added to each tube, and the sample tubes were submerged in a hot water bath (90-95°C) for
10 min. The samples were removed from heat, uncapped under a laminar flow hood in a clean room environment,
and left to cool for 110 min. After 2 hours of total leaching time, the tubes were capped and centrifuged at 4,500 rpm
for 5 minutes, then the liquid was decanted into acid-cleaned perfluoro alkoxy (PFA) vials under a laminar flow
hood. In two sequential steps, 2.5 mL of ultrapure (>18.2 MQ-cm; UHP) water was added to each vial, centrifuged
again and decanted to the PFA vial. The decanted solutions were acidified with 100 pL of double-distilled
concentrated HNOj;. The leach solutions were evaporated to near dryness and then redissolved in 2% (v/v) Op-
tima HNOj;. This same process was completed without sample material to assess the procedural blank. Samples
were diluted with 2% Optima HNOj as necessary and Fe concentrations in the leachate were measured with a Perkin
Elmer NexION 300D inductively coupled mass spectrometer (ICP-MS; Text S4 in Supporting Information S1). As
a basis for comparison, the Fe solubility leach was also performed using the ash samples from the 2010 Eyjaf-
jallajokull eruption and mineral dust samples from June 2020. For the mineral dust samples on filter paper, 1/16 of a
filter was used in the leach (<10 mg aerosol). Aerosol mass on filters was determined by ashing filter portions at
500°C to remove the cellulose filter component and weighing the remaining ash (Elliott et al., 2024).

2.3. Total Fe Measurement

To determine total Fe content in the samples, 15-85 mg of sample was digested in 10 mL of a tri-acid cocktail (1
distilled HNOj;: 2 distilled HCI: 1 distilled HF) at 150°C, evaporated to dryness, and resuspended in 6M HNO;.
Volcanic ash samples from the 2010 Eyjafjallajokull eruption and mineral dust samples were also analyzed for
comparison. Prior to digestion, the filters with mineral dust were ashed at 500°C to remove the cellulose filter
(Text S5 in Supporting Information S1). Samples redissolved in 6M HNO; were diluted 30X in milliQ water,
further diluted with 2% HNOj; as necessary, and then analyzed for total Fe using a NexION 300D system (see
Table S3 in Supporting Information S1 for %RSDs on measurements for soluble and total Fe).

2.4. Microscopy

Particles of both the La Soufriere and La Palma samples were mounted on carbon adhesive (PELCO Carbon
Conductive tabs) and analyzed using Scanning Electron Microscopy (SEM) coupled with Energy Dispersive
Spectroscopy (EDX, EDAX Genesis detector). The SEM was equipped with an FEI Quanta digital field emission
gun (operated at 20 kV accelerating voltage and 480 pA current). The SEM chamber is 293 K under vacuum
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conditions (~1.2 X 107° Torr pressure), where volatile and semivolatile materials might evaporate. Elemental
mapping of particles, which shows the relative abundance of select elements spatially throughout individual
particles (Ault et al., 2012), was performed using an Oxford Instrument detector and AZtec software.

2.5. X-Ray Fluorescence (XRF) and X-Ray Photoelectron Spectroscopy (XPS)

To determine the bulk elemental composition, p-XRF analysis was performed on a Bruker Tornado M4 Plus
instrument operating at a chamber pressure of 2 mbar (Text S6 in Supporting Information S1). Surface atomic
percent composition was determined through X-Ray Photoelectron Spectroscopy (XPS). This was achieved
utilizing a Physical Electronics Quantera Scanning X-ray Microprobe (Text S7 in Supporting Information S1).

2.6. Mossbauer Spectroscopy

Massbauer spectra were collected at multiple temperatures to characterize and quantify Fe-species present in the
La Soufriere and CV-West samples (CV-West is the CV sample with the highest Fe fractional solubility.). CV-
South, the sample from this eruption with the lowest Fe fractional solubility, was also analyzed at room tem-
perature (RT) to confirm that the CV-West sample's Mossbauer spectrum is representative of the CV samples as a
whole. Since the spectra for the two samples were very similar, only the CV-West data are modeled and discussed
here. Spectra were collected using a 75 mCi (initial strength) 57Co/Rh source. The velocity transducer (WissEl
Elektronik, Germany) was operated in a constant acceleration mode (23 Hz, =12 mm/s). An Ar-Kr proportional
counter was used to detect the radiation transmitted through the holder, and the counts were stored as a function of
energy (transducer velocity, 1,024 channels). Raw data were folded into 512 channels to give a flat background
and a zero-velocity position corresponding to the center shift of a metal iron foil at 298 K (RT). Calibration
spectra were obtained with a 7 pm thick a-Fe(m) foil (Amersham, England). A closed-cycle cryostat (SHI-850,
Janis Research Company, Inc., Wilmington, MA) coupled with a Sumitomo CKW He compressor unit (Allen-
town, Pennsylvania) was used to decrease the temperature from RT to the desired below RT temperature. Recoil
software (University of Ottawa, Canada) was used for folding and modeling the data, which were modeled using
the Voight-based method (Rancourt & Ping, 1991). For modeling, the Lorentzian half-width at maximum of
doublet and sextet was fixed at 0.156 mm/s. For tabulating the relative percent of various Fe species, the recoilless
free fractions of all the species were considered equal. A Rigaku SmartLab SE Bragg-Brentano diffractometer
equipped with a Cu anode operated at 44 kV and 40 mA and a D/teX Ultra 250 1D detector was used to confirm
mineral identification from the Mossbauer analysis (Text S8 in Supporting Information S1).

2.7. Particle Size Measurements

Particle size was analyzed using a Coulter Counter rather than laser diffraction because of the Coulter Counter's
ability to more accurately size polydisperse samples and samples with multiple particle types. Ash samples
suspended in ISOTON II electrolyte were analyzed using a Multisizer 4¢ Coulter Counter (Beckman Coulter) to
obtain the size distribution data based on the particles' volumetric equivalent diameters (dve). Unfiltered ash
samples were analyzed using a 200 um aperture (accurate for the 4-120 pm size range) for preliminary estimates
of particle abundance in the size range up to 120 pm (Text S9 and Figure S4 in Supporting Information S1). For
more accurate size estimates in the smaller size ranges relevant to oceanic deposition, ash samples were pre-
filtered (Text S9 in Supporting Information S1) and then analyzed using smaller apertures. Samples were
analyzed using a 100 pm aperture (accurate for the 2.4-59.8 pm size range) and a 30 pm aperture (accurate for the
0.69-17.9 pm size range; see SI for information on instrument calibration). 400 size bins were used for all Coulter
Counter analyses. Each blank and sample was analyzed in triplicate, with 1,000 pL analyzed per run with the
200 pm aperture and 500 pL analyzed per run with the 100 and 30 pm apertures, and counts were averaged from
the three runs (Figure S2 in Supporting Information S1). Mode particle size was determined for the CV-East and
CV-South samples based on Coulter Counter analysis. Lognormal fits for the size data were produced using
IGOR Pro 9.05's built-in curve fitting option, and the mode size for each sample was estimated from its
LogNormal fit.

The mode of the particle size distribution was submicron for La Soufrie¢re and CV-West and was too small to be
accurately determined using the Coulter Counter with the 30-pm aperture. Nanoparticle Tracking Analysis (NTA)
was therefore used for sizing submicron particles (size range from 1 to 973.9 nm) from a separate sample of ash
collected in Barbados after the La Soufriere eruption with a similar size distribution. This sizing method has been
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used in the past for aerosol particle analysis (Axson et al., 2015; Creamean et al., 2016) and is described in detail
in the Text S10 in Supporting Information S1.

The Coulter Counter is known for being able to determine the size of aspherical particles well, as long as the
particles are not too porous or plate-like, as it directly measures particle volume (Allen, 2003). The NTA may be
more affected by non-spherical particles, but there is evidence that it can measure the size of rod-like particles
(Hoover & Murphy, 2020). Future studies would be required to determine a more direct size comparison between
these (and other) methods, such as projected area diameter from SEM.

3. Results
3.1. Total and Soluble Fe Content

The three volcanic ash samples from the CV eruption have similar total Fe content, with an average of
9.0% + 0.3% Fe by weight (error on averages represents variation among different samples from the eruption),
which is roughly double that of the La Soufriere ash (4.9%; Figure 1).

Our soluble Fe leaching methodology (Berger et al., 2008) provides an upper-limit for Fe solubility and has been
adopted for use in Fe bioavailability studies in the oceanographic community (Chester & Hughes, 1967; Perron
et al., 2020; Shelley et al., 2018). La Soufriére ash also has the lowest soluble Fe content (6.6 X 10 ppm). The
soluble Fe content for the CV samples is much more variable than the total Fe content in ash from that eruption,
with CV-West having 5.3 X 10° ppm soluble Fe, approximately eight-fold that of the La Soufriére sample,
followed by CV-East (2.9 x 10° ppm soluble Fe), and CV-South (1.6 x 10°> ppm soluble Fe). We, therefore,
estimate that Fe in ash from the La Soufriére eruption is about 1.3% soluble, while Fe in ash from the CV eruption
ranges from 1.9% to 5.9% soluble. As a comparison, we measured the average total Fe content (5.4% =+ 0.7%),
soluble Fe content (1.1 x 10 + 7.8 x 10 ppm), and Fe solubility (2.1% + 1.7%) in volcanic ash from the
Eyjafjallajokull eruption in Iceland in 2010, which are all between the averages for ash from the La Soufriere and
CV eruptions. Mineral dust collected at Barbados after being transported across the North Atlantic during the
“Godzilla” dust event (Elliott et al., 2024) contains 4.1% =+ 0.3% total Fe, with 3.8 x 10° + 8.4 x 10? ppm soluble
Fe, resulting in an average Fe solubility of 9.3% + 1.4%.

3.2. Chemical Composition of Ash Particles

X-Ray Fluorescence (XRF) and SEM were used to further analyze the bulk and single-particle elemental
composition of the ash, respectively, while XPS was used to analyze the surficial composition. Large amounts of
silicon (Si) and aluminum (Al) in all ash samples indicate the presence of volcanic glass and aluminosilicate
minerals (Hornby et al., 2023; Figure 2). Compared to the La Soufriere sample, XRF analysis confirmed that the
CV samples are more mafic with higher levels of Fe and magnesium (Mg) (Table S2 in Supporting Informa-
tion S1). The SEM images show that particles from the CV eruption vary immensely in size and morphology, with
many exhibiting a glassy or porous texture (Figure 2). Relatively more phosphorus (P), potassium (K), and ti-
tanium (Ti), and a more prominent fluorine (F) peak were detected in some SEM spectra for CV ash (Figure 2).

Elemental mapping images for particles from both eruptions indicate that surficial Fe is often concentrated in
discrete areas rather than being evenly distributed across the particle surface (Figure 3). The XRF and XPS
analyses show depletion of Fe at the particle surface, with the Fe:Si ratio dropping from ~0.2 in the bulk to ~0.1 at
the surface for La Soufriére and from ~0.6 to ~0.5 in the bulk to ~0.2 (for both) at the surface for both CV-West
and CV-South (Tables S2 and S3 in Supporting Information S1). This is consistent with XPS and bulk Fe data for
volcanic material reported by Delmelle et al. (2007) and Hornby et al. (2024). The CV-West and CV-South
samples also have very high levels of surficial F with an average surficial F/Si atomic ratio of ~0.3 compared
to ~0.02 in the La Soufriere sample (Table S3 in Supporting Information S1).

3.3. Fe-Specific Mineralogy

Fe in ash from both eruptions exists primarily as Fe(II) rather than Fe(III), as indicated by the wideset central
doublet in the Mossbauer spectra (Figure 4).

Modeling of the experimental data and comparison to spectral parameters reported for pyroxenes in soils (Per-
etyazhko et al., 2012) and synthetic titanomagnetites (Pearce et al., 2012) indicates that the Fe contained in both
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Figure 2. Scanning electron microscopy images of individual particles (left) from the La Soufriere eruption (a), Cumbre Vieja
(CV)-East (b), CV-West (c), and CV-South (d) and their corresponding EDS spectra (right) indicating relative abundance of
elements in the particle. Samples were mounted on a carbon substrate, so C and O signals in the EDS spectra are from the
substrate rather than the particles.

the La Soufriere and the Cumbre Vieja (CV-West) ash is present in two main types of Fe-bearing minerals:
clinopyroxene (XY (Si,Al),0O), an Fe(II)- and Fe(III)-containing silicate, and Ti-containing oxides like ilmenite
(FedI)Ti(IV)O,) and Fe(II)/Fe(IlI)-titanomagnetite (Fe;_, Ti,0,). X-ray diffraction analysis and comparison with
previously published mineralogical data for the CV ash (Hornby et al., 2023) helped with specific identification of
the crystalline phases (Text S8 in Supporting Information S1). About 56% of the total Fe in the La Soufriére
sample is in clinopyroxene, and about 44% of the total Fe is in oxide minerals (Table 1). About 75% of the total Fe
in the CV sample is contained in clinopyroxene, with only about 25% of the total Fe in oxides.

3.4. Particle Size

Microscopy analysis revealed that, while some larger particles (>~200 pm) exist, smaller particles (<~200 pm)
are most abundant in ash samples from both eruptions (Figures S5 and S6 in Supporting Information S1). While
ash from the La Soufriere eruption is more uniform in size and almost entirely falls into this range, some of the
particles from the CV samples measure several hundreds of microns in diameter (Figure 2, Figure S6 in Sup-
porting Information S1). However, these ultracoarse particles are largely irrelevant when considering deposition
into the open ocean. Both volcanic vents are <10 km from the shore, but ash grainsize from magmatic eruptions
can be reduced by a factor of ~4 for 20 km of transport for distances <80 km (Osman et al., 2020). Since particles
<63 pum in diameter are relatively unaffected by fallout at the 10-100 km distance, our particle size distributions,
which focus on particles up to 60 pm collected close the volcanic vents, should be comparable to the particle size
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Figure 3. Scanning electron microscopy images (left) and EDX elemental maps (right) for individual particles from La
Soufriere (a), Cumbre Vieja (CV)-East (b), CV-West (c), and CV-South (d). The cyan color indicates the location of Fe, with
white circles highlighting examples of concentrated regions of Fe.

distributions that will be deposited into the North Atlantic, at least at 10 km of distance (Cashman & Rust, 2016).
Furthermore, preliminary quantitative analysis with the Coulter Counter confirms that few particles exist beyond
the ~60 pm size range (Figure S4 in Supporting Information S1). Based on our Coulter Counter analysis, the CV-
East and CV-South samples have supermicron mode particle diameters (1.43 and 1.35 pm, respectively, from
their log-normal fits; see Figure 5 for size distributions; see Figure S7 in Supporting Information S1 for error on
replicate size measurements and blank data).
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Figure 4. Experimental and modeled Mgssbauer spectra for the La Soufriére sample at room temperature (a) and Cumbre
Vieja-West at 225 K (b) modeled against outputs for various types of silicate (blue) and oxide (red) minerals.

The particle diameter modes are submicron for the La Soufrie¢re and CV-West samples, so they are not visible in
the Coulter Counter plots. Both particle diameter modes were estimated to be roughly 115 nm based on NTA of a
different ash sample produced by the La Soufriere eruption with a comparable supermicron size distribution
(Figures S8 and S9 in Supporting Information S1).

4. Discussion

Our results show that the total Fe content and soluble Fe content in different types of volcanic ash are variable.
The total Fe content in the CV samples is, on average, ~1.8 times that of the La Soufriere ash. The average soluble
Fe content in the CV ash is ~4.9 times that of La Soufriere ash, leading to average fractional solubility estimates
of 3.6% =+ 2.1% and 1.3% for Fe in ash from the two eruptions. Our solubility estimates are higher than the
estimates for Fe fractional solubility in volcanic ash reported in previous studies (<0.01-1%; Ayris & Del-
melle, 2012; Duggen et al., 2010; Olgun et al., 2011), possibly due to the rigor of our leaching procedure, which is
meant to provide an upper limit for Fe solubility (Shelley et al., 2018). Our results confirm that bulk Fe content

does not directly correlate to soluble Fe content for volcanic material (Olgun

et al., 2011), and thus bulk Fe concentration cannot be used to estimate the

Estimates for Percent of Total Fe in the La Soufriére and Cumbre Vieja
(CV)-West Samples Contained in Different Minerals (Determined Using
Mossbauer Spectroscopy-Room Temperature Mossbauer Spectroscopy for
the Soufriere Sample; 225 K Mdssbauer Spectroscopy for the CV-West
Sample)

% Of total Fe contained in mineral

Mineral La Soufriere (%) CV-west (%)
Fe(II)-clinopyroxene, M1 and M2 47.2 57.6
Fe(III)-clinopyroxene 9.2 17.2
Titanomagnetite 36.9 22.9
Ilmenite 6.9 23
Total %Fe in silicates: ~56 ~75
Total %Fe in oxides: ~44 ~25

potential for release of ash-derived soluble Fe into surface waters. Notably,
the CV-East sample, which may have lost soluble Fe if salt coatings con-
taining Fe on the ash particle surfaces dissolved when the sample was exposed
to rain (Capitani et al., 2018; Duggen et al., 2010; Jones & Gislason, 2008;
Olgun etal., 2011), had an intermediate soluble Fe level compared to the other
two CV samples, and was included in the analysis since results were typical
for ash from this eruption.

Ash composition primarily explains the observed difference in Fe solubility.
Elemental mapping showed that the particles either had heterogeneous
mineralogy throughout or unevenly distributed Fe-containing surficial de-
posits. Modeling of Méssbauer spectra revealed that the majority of Fe in both
La Soufriere and CV-West ash is contained within clinopyroxene and oxides
(primarily titanomagnetite). This is supported by previous X-ray diffraction
analysis showing pyroxene and Fe oxides in ash deposits from the CV
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Figure 5. Particle size data as volume equivalent diameter (d, ) for La Soufriere (a), Cumbre Vieja (CV)-East (b), CV-West
(c), and CV-South (d), measured using the 30 and 100 pm apertures with a Coulter Counter. Grey bars indicate size data
acquired using the 30-pm aperture. Transparent purple bars indicate the size data acquired using the 100-pm aperture. Red
lines are log-normal fits to the data for the samples with supermicron modes.

eruption (Hornby et al., 2023). Fe in aluminosilicate minerals like clinopyroxene, possibly present as Fe(II)
substitutions, tends to be more soluble than Fe in (hydr-)oxides where it is held by strong covalent bonds (Chen
et al., 2012; Cwiertny et al., 2008; Journet et al., 2008). 75% of the total Fe in the CV-West ash was found to be in
silicate minerals where it should be relatively soluble. Only 56% of the total Fe in the La Soufriére ash is in
silicates, with the remaining 44% in oxides and less likely to be released into solution.

Mineralogical differences in magma produced by the different eruptions cannot be the only control on Fe sol-
ubility. Both the most and least soluble CV samples, CV-West and CV-South, contain about 1.8 times the total Fe
content of La Soufrieére ash but about 8 and 2.5 times its soluble Fe content, respectively, which implies that
another factor must be impacting Fe dissolution among samples from the same eruption. High levels of fluorine
(F) have been linked to elevated Fe release from volcanic ash, likely because F remains on the surface after
particles have been processed through interaction with liquid- and gas-phase hydrofluoric acid (HF) in the
volcanic plume (Ayris & Delmelle, 2012; Delmelle et al., 2007; Hoshyaripour et al., 2015; Jones & Gisla-
son, 2008; Oskarsson, 1980). Interactions with acids and water in the volcanic plume are thought to dissolve
volcanic glass, creating a deliquescent layer, largely composed of sulphate and halide deposits, on the particle
surface that would have been solubilized upon deposition into seawater or during our leaching (Delmelle
et al., 2007; Duggen et al., 2010; ()skarsson, 1980). These surficial deposits are very thin (<10 nm) but can
contain Fe salts that will readily dissolve, increasing total soluble Fe release from an ash sample (Delmelle
et al., 2007; Duggen et al., 2010). The amount of surficial, highly soluble F (and, presumably the thickness of the
deliquescent layer) is likely linked to the duration of exposure to the volcanic plume and its acidity, so we expect
higher F levels to be correlated with more readily soluble surficial Fe (Hoshyaripour et al., 2015; Oskars-
son, 1980). Compared to La Soufriere, we measured elevated levels of surficial F in CV samples, indicating that
they have likely been exposed to higher concentrations of HF. We also measured differences in surficial F content
between samples from the CV eruption, and Fe solubility tracks relatively well with surficial F. We measured a
surficial F content (At%) of 6.6% for CV-West, and Fe solubility for this sample was 5.9%. For CV-South, both
surficial F content (2.2%) and Fe solubility (1.9%) were much lower, suggesting that plume chemistry is a major
factor impacting Fe dissolution (Hoshyaripour et al., 2015; Maters et al., 2017).

While the distribution of total Fe between mineral groups and surficial F levels can explain the observed dif-
ferences in Fe solubility, particle size appears to have a less significant impact. Theoretically, finer particles with
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higher surface area-to-volume (SA:V) ratios should release more soluble Fe into solution, especially if soluble Fe
is primarily contained in surficial salts (Baker & Jickells, 2006; Jones & Gislason, 2008; Langmann et al., 2010).
We found that particles from the CV-East and CV-South samples are generally larger than La Soufriere ash
particles (and up to hundreds of microns in diameter) but contain ~4.4 and ~2.5 times the soluble Fe content of
ash from that eruption, implying that particle size cannot be a primary control on soluble Fe release. Among the
three samples from the CV eruption, the CV-West sample, which has the smallest mode particle size of the CV
samples for the size range analyzed by the Coulter Counter, has the highest soluble Fe content (~1.8 and ~3.3
times the soluble Fe content of the other CV samples). However, since the CV-West sample also has very high
surficial F content, we cannot conclusively link its smaller mode particle size to enhanced Fe solubility.

Our soluble Fe content and solubility estimates for volcanic ash from the Eyjafjallajokull eruption are comparable
to our estimates for ash from the 2021 eruptions. However, we found that the average soluble Fe content in our
mineral dust samples collected in Barbados during June 2020 was about 1.5 times that of the four ash samples
analyzed in this study, despite only containing about half of the average total Fe in the ash. We estimate that Fe in
mineral dust is about 9.3 + 1.4% soluble, compared to 3.0 = 2.0% soluble, on average, in ash from La Soufriere
and CV. Ayris and Delmelle (2012) previously reported that Fe fractional solubilities measured for mineral dust
(generally 1% or higher; Jickells & Spokes, 2001) are higher than those reported for volcanic ash. Our solubility
estimate for Fe in mineral dust is higher than some other estimates (like the 1%—2% estimate from Jickells &
Spokes, 2001), but the leach employed here provides an upper estimate for Fe solubility (Shelley et al., 2018). Our
estimate is comparable to that of Shelley et al. (2018), who reported an Fe fractional solubility of 6.4 & 1.0% using
the Berger et al. (2008) leach for aerosols identified as North African in origin. This solubility estimate is still
higher than the average we report for our ash samples, indicating that a higher proportion of the Fe in ash is
refractory in nature (not released using the Berger leach). It remains unclear why Fe solubility is higher in dust
compared to ash in general, but this topic is difficult to investigate since ash from different eruptions varies
significantly in composition. Clay minerals have been identified as an important source of soluble Fe in dust
aerosols (Jeong & Achterberg, 2014; Journet et al., 2008); therefore, differences in the type and structure of clay
minerals present in dust and ash may be partially responsible for the observed differences in Fe solubility.

The potential of an aerosol source to add nutrients to the surface ocean depends on both the soluble nutrient
content and total mass of aerosol deposited. Both factors must be considered when comparing soluble Fe inputs
from different sources. Yu et al. (2015) estimated that, within a strip spanning from 10°S to 30°N, 182 Tg dust is
carried westward from North Africa across 15°W longitude, while only about 43 Tg dust reaches 75°W longitude
each year. Errors in these estimates are discussed in Yu et al. (2015). Based on Yu et al. (2015)'s data, we estimate
that about 139 Tg of mineral dust from North Africa (based on the difference in dust mass from the two lon-
gitudes) is deposited into the North Atlantic annually (Yu et al., 2015). Although Yu et al. (2015)'s values are
derived from 7 years of data and annual dust fluxes vary significantly, this estimate is reasonable based on other
estimates of annual dust deposition into the North Atlantic (Ginoux et al., 2004; Prospero, 1996). Using our
estimate for soluble Fe release, this amounts to 0.53 Tg of soluble Fe deposition annually from mineral dust.
While dust deposition follows a regular annual cycle, volcanic eruptions are much less predictable and only
occasionally lead to significant deposition in the North Atlantic (Husar et al., 1997; Prospero & Lamb, 2003;
Zuidema et al., 2019). Based on data on eruptions from 1980 to 2019 from Galetto et al. (2023), we estimate that
about 40.6-64.8 Tg of explosive volcanic products are produced by volcanoes situated in/around the North
Atlantic annually (Text S11 in Supporting Information S1). Assuming that the ash has a soluble Fe content of
approximately the average for the four samples from La Soufriere and CV analyzed in this study, that much ash
deposition amounts to about 0.11-0.17 Tg of volcanic-derived soluble Fe deposited per year (~20-32% of our
estimated annual deposition from mineral dust). Volcanic ash, therefore, may provide an important additional
annual contribution to the North Atlantic's soluble Fe budget.

Despite its relative unimportance on long temporal scales, volcanic eruptions may have the potential to stimulate
localized phytoplankton blooms, as has been previously proposed (Hamme et al., 2010; Langmann et al., 2010;
Vergara-Jara et al., 2021), because they can provide large fluxes of material to regions that do not receive
appreciable Fe inputs from mineral dust. Ash-derived Fe inputs may be especially important, for example, in the
northeastern Atlantic Basin near western Europe, where Fe is thought to be the primary limiting nutrient (Moore
et al., 2013). Similarly, ash-derived Fe inputs to the subtropical North Atlantic will likely be more important if
eruptions occur during boreal winter, when mineral dust concentrations in air are relatively low at this latitude
(Adams et al., 2012; Zuidema et al., 2019).
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Our soluble Fe measurements, the known eruption lengths (Joseph et al., 2022; Milford et al., 2023), and our
calculated eruption-specific deposition velocities allow us to estimate ash-derived dissolved Fe (DFe) inputs to
the mixed layer during the La Soufriere and CV eruptions specifically, assuming that the airborne ash concen-
tration over affected regions of the North Atlantic was 61 pg/m® during both eruptive events (Milford et al., 2023)
and the mixed layer depth was 20 m (see Text S12 in Supporting Information S1 for details about the calcula-
tions). For these calculations, we did not consider mixed layer depth fluctuations or changes in wind currents and
atmospheric transport. We assume that the ash deposited into the ocean has the same soluble Fe content that we
measured in the bulk ash samples, with an average of the three samples used for CV. Using our particle mode size
data and a density of ~2.71 g/cm? for the La Soufriére ash and ~3.00 g/cm? for the CV ash (Hornby et al., 2023;
see Text S12 and Table S4 in Supporting Information S1 for density calculations) to calculate eruption-specific
particle deposition velocities using the Stokes' equation for settling velocity (Barkley et al., 2021; Huang
et al., 2020), we estimate that the La Soufriere eruption increased DFe concentrations in the mixed layer by
~0.05 pM over a 14-day eruption (Joseph et al., 2022), while the CV eruption increased DFe by ~0.1 nM over an
86-day eruptive period (Milford et al., 2023; see Text S12 in Supporting Information S1 for deposition velocity
and DFe calculations). Whether or not these DFe concentrations will actually be available for microbial uptake
remains unclear. While several biotic and abiotic processes control Fe levels in the upper ocean, aerosol-derived
Fe, particularly solubilized Fe(Il) which is rapidly oxidized in seawater, is thought to be largely present as
colloidal-sized precipitates which aggregate to form sinking authigenic particles through a “colloidal shunt”
(Tagliabue et al., 2023). Aerosol-derived fertilization of the surface ocean will only be biologically relevant if
existing nutrient inventories in surface waters are low. Since both eruptions impacted regions where background
DFe concentrations can be <1 nM during the seasons in which the eruptions occurred, even small perturbations to
the marine Fe cycle may be biologically relevant (Sarthou et al., 2007; Sedwick et al., 2020).

5. Conclusions

Our results provide insight about the potential significance of volcanic ash as a regionally important soluble Fe
source. The CV eruption produced larger, more mafic ash particles with Fe primarily contained in silicate
minerals and high levels of surficial F. Ash with these characteristics is more likely to provide a large enough flux
of soluble Fe to surface waters near the eruption site to cause a phytoplankton bloom. On the other hand, the La
Soufriere eruption produced smaller, more silicic ash particles with a higher percentage of the total Fe in oxides
and less surficial F. This type of ash will not be rapidly deposited close to the source and does not contain enough
soluble Fe to notably increase DFe concentration, given its relatively slow deposition rate. Our estimates
demonstrate that, while chemical composition dictates Fe solubility in volcanic material, the deposition rate and
baseline DFe concentrations in the receiving system inevitably determine the biological impact of volcanic Fe
inputs. When all of these factors are considered, it is evident that volcanic eruptions are unique events that must be
studied within the context of the surrounding environment. These findings, combined with biases in remote
sensing, can help explain why different studies have documented disparate marine microbial responses to vol-
canic ash deposition.
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